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Abstract
Supersymmetric contributions to all leptonic electromagnetic dipole
operators have essentially identical diagramatic structure. With ap-
proximate slepton universality this allows the muon anomalous mag-
netic moment to be related to the electron electric dipole moment in
terms of supersymmetric phases, and to radiative flavor changing lep-
ton decays in terms of small violations of slepton universality. If the
current discrepancy between the measured and Standard Model values
of the muon anomalous magnetic moment is due to supersymmetry,
the current bound on the electron electric dipole moment then implies
that the phase of the electric dipole operator is less than 2 × 10−3.
Likewise the current bound on µ → eγ decay implies that the frac-
tional selectron–smuon mixing in the left–left mass squared matrix,
δm2µ˜e˜/m
2
ℓ˜
, is less than 10−4. These relations and constraints are fairly
insensitive to details of the superpartner spectrum for moderate to
large tan β.
High precision measurements of low energy processes can often provide
useful probes of physics beyond the Standard Model. Many processes of this
type involve the coupling of a photon to Standard Model fermions, such as
anomalous magnetic dipole moments [1], electric dipole moments (EDMs)
[2], and rare radiative decays [3]. The effective operators which describe
these interactions are all of the electromagnetic dipole form. The magnitude
of these operators in general depends on the overall scale and details of the
heavy particle mass spectrum as well as the interactions which violate the
requisite symmetries.
In supersymmetric theories the one-loop contributions to all the electro-
magnetic dipole operators have very similar diagramatic structure. In this
paper we point out that in the lepton sector this similarity allows the muon
anomalous magnetic moment to be related to the electron EDM in terms
of the phase of the electromagnetic dipole operator, and to the rate for ra-
diative lepton decays, µ → eγ, τ → µγ and τ → eγ, in terms of violations
of slepton universality. For moderate to large tanβ and with approximate
slepton universality these relations turn out to be fairly insensitive to details
of the superpartner mass spectrum. If the discrepancy between the current
measured value of the muon anomalous magnetic moment [4] and the Stan-
dard Model value is interpreted as arising from supersymmetry, fairly model
independent bounds can be obtained on the phase of the dipole operator
and fractional flavor violating splitting in the slepton mass squared matrix
from the current experimental bounds on the electron EDM and ℓi → ℓjγ
decays respectively. Alternately, an upper limit on the supersymmetric con-
tribution to the muon anomalous magnetic moment provides a lower limit
for the most stringent possible bounds arising from the electron EDM and
ℓi → ℓjγ decays. The relations among the supersymmetric electromagnetic
dipole operators presented here are particularly interesting and useful in light
of the recent high precision measurement of the muon anomalous magnetic
moment [4]. The relation between the muon anomalous magnetic moment
and radiative flavor changing lepton decays has previously been considered
in the context of supersymmetric see-saw models of neutrino masses [5].
In the next section the structure of the various supersymmetric contribu-
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tions to electromagnetic dipole operators are illustrated. The relative impor-
tance of various classes of diagrams are presented and the dominant contri-
bution identified. Under the assumption of slepton universality and propor-
tionality the lepton dipole operators for different generations are shown to
be related by ratios of the lepton masses. The manner in which these ratios
may be modified by slepton sflavor violation is also described. In section 2
supersymmetric contributions to the muon anomalous magnetic moment are
discussed, and the magnitude of possible contributions from sflavor viola-
tion evaluated. These contributions are shown generally to be smaller than
the flavor conserving contributions. The relationship between the electron
EDM and muon anomalous magnetic moment is discussed in section 3. For
moderate to large tan β it is shown that the electron EDM is dominated by
a single supersymmetric phase to lowest order in gaugino–Higgsino mixing
and assuming strict gaugino unification. Under the assumption of slepton
universality and proportionality, the most stringent possible model indepen-
dent limit on this phase arising from the 205Tl EDM experiment consistent
with the Brookhaven muon g−2 experiment is derived. Contributions to the
electron EDM from sflavor violation are also considered, and in particular,
important contributions from staus are identified. Radiative flavor changing
lepton decays arising from transition dipole moments are considered in sec-
tion 4. Fairly model–independent stringent bounds on sflavor violating mass
squared mixings implied by current limits on ℓi → ℓjγ and consistent with
the Brookhaven muon g − 2 experiment are derived. The manner in which
they are model–independent are described below. The complete expressions
for the one-loop supersymmetric contributions to electromagnetic dipole op-
erators in the large tan β limit and to first order in gaugino–Higgsino mixing
are given in the appendix.
2
1 Electromagnetic Dipole Operators
The coupling of an on-shell Dirac fermion to the electromagnetic field strength
may be represented by the Lagrangian dipole operator
− 1
2
Df fLσµνfRFµν −
1
2
D∗f fRσµνfLFµν (1)
where Df is the dipole moment coefficient, and fL,R = PL,Rf are the left- and
right-handed chiral components of the Dirac fermion. The dipole moment
coefficient can in general be complex and have non-trivial flavor structure.
The on-shell dipole operator is chirality violating and so must vanish with
the fermion mass. Supersymmetric contributions are therefore proportional
to the fermion mass, and suppressed by two powers of the superpartner mass
scale, rendering the dipole operator effectively dimension six.
Supersymmetric contributions to anomalous magnetic moments require
only violation of chiral symmetry, which is already violated in the Stan-
dard Model by the fermion Yukawa couplings. In contrast, electric dipole
moments require in addition the violation of parity and time-reversal sym-
metries beyond that of the Standard Model. And flavor changing radiative
decays require violation of flavor symmetries, which in the leptonic sector
are not violated within the Standard Model. The strategy here is therefore
to use the similarity of the one-loop supersymmetric contributions discussed
below to determine the overall scale of the dipole operators from anomalous
magnetic moments and to relate this to electric dipole moments in terms of
supersymmetric phases which violate parity and time reversal, and to radia-
tive flavor changing decays in terms of supersymmetric violations of flavor
symmetries. Experimentally, only the muon anomalous magnetic moment
is measured sufficiently accurately to allow the possibility of discerning the
supersymmetric contribution. As a practical matter, model independent re-
lations among the dipole operators are therefore only useful in the leptonic
sector. Under the mild assumptions of approximate universality and propor-
tionality discussed below, these relations turn out to be rather insensitive to
details of the superpartner mass spectrum.
In order to determine the dominant diagrams and relations among the
3
dipole operators it is instructive to consider the parametric dependences of
various contributions. The supersymmetric one–loop contributions to the
electromagnetic dipole operators arise from virtual sleptons and charginos or
neutralinos. These can be classified according to whether the one-particle-
irreducible diagrams are chirality conserving or violating. The chirality con-
serving diagrams give dimensions six operators which reduce to the chirality
violating dipole operator (1) on-shell through the external equations of mo-
tion. The chirality violating diagrams give the effective dimension six dipole
operator (1) directly.
The chargino and neutralino mass eigenstates are general mixtures of the
Bino, Wino, and Higgsino interaction eigenstates. However, for m2i − µ2 ≫
m2Z , which holds over much of the parameter space, the mixing may be
treated perturbatively in m2Z/(m
2
i − µ2), where mi = {mB˜, mW˜} are the
Bino and Wino Majorana mass parameters and µ is the Higgsino Dirac
mass parameter. It is therefore sufficient to work to lowest non-trivial order
in gaugino-Higgsino mixing. It is seen below that diagrams with gaugino-
Higgsino mixing can provide the most important contributions to the dipole
moments. In addition, for lepton dipole operators it is sufficient to work
to first order in the small lepton Yukawa coupling. This greatly simplifies
classification of the supersymmetric diagrams.
The chirality conserving one–loop diagrams for leptons are shown in Fig.
1. Since the use of the external lepton equation of motion to obtain the
dipole operator (1) involves the lepton Yukawa coupling it is sufficient con-
sider diagrams which do not include additional powers of the lepton Yukawa.
Left–right slepton mixing must vanish with the lepton mass, and so can be
ignored in the chirality conserving diagrams. Likewise, the charginos and
neutralinos only couple through gaugino components to lowest order since
the Higgsino components couple through the lepton Yukawa. The chargino
propagator is therefore given by 〈W˜+W˜−〉 where throughout a sum over mass
eigenstates is understood. Charginos only contribute to the left–left diagram.
For the neutralino diagrams Bino–Wino mixing arises only at second order
in gaugino–Higgsino mixing and so the chirality conserving neutralino prop-
agators are given predominantly by 〈W˜ 0∗W˜ 0〉 and 〈B˜∗B˜〉 which contribute
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Figure 1: Chirality conserving left–left or right–right contributions to lep-
ton electromagnetic dipole operators. Arrows indicate the flow of fermion
or scalar-partner chirality. To lowest order in the fermion Yukawa coupling
only gaugino–gaugino propagators contribute to the internal chargino or neu-
tralino propagators. The external photon is attached to internal charged lines
in all possible ways.
to the left–left and right–right diagrams respectively. The parametric depen-
dence of the chirality conserving contributions arising from the diagrams of
Fig. 1 are
χ Conserving RR 〈B˜∗B˜〉 : Df ∼ g
2
1 mℓ
16π2 m˜2
(2)
χ Conserving LL 〈W˜+,0∗W˜−,0〉 : Df ∼ g
2
2 mℓ
16π2 m˜2
(3)
where 16π2 represents the loop factor, m˜ represents the superpartner mass
scale determined by the heaviest particle in the loop, and the lepton mass mℓ
arises from lepton equation of motion. The Bino contributions are suppressed
by a factor g21/g
2
2 = tan
2 θw compared with Wino. The dominant chirality
conserving contribution then arises for the left–left diagram through Wino
propagators.
The chirality violating one–loop diagrams for leptons are shown in Fig.
2. These diagrams contribute directly to the operator (1) and have an ex-
plicit factor of the lepton Yukawa coupling. In the first class of diagrams the
lepton Yukawa coupling, λℓ, arises directly in the vertex which couples the
down-type Higgsino components of the chargino or neutralino to the slep-
ton and external lepton. To lowest order in the lepton Yukawa the other
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Figure 2: Chirality violating left–right contributions to lepton electromag-
netic dipole operators. Arrows indicate the flow of fermion or scalar-partner
chirality. A cross indicates a chirality violating propagator. A dot indicates a
left–right slepton propagator or equivalently a left–right mass squared mix-
ing chiral insertion. To lowest order in the fermion Yukawa coupling only
gaugino–Higgsino propagators contribute to the diagram without a chiral
insertion on the scalar line, and only gaugino–gaugino propagators to the
diagram with a chiral insertion on the scalar line. The later are dominated
by Bino–Bino propagators up to second order in gaugino-Higgsino mixing.
The external photon is attached to internal charged lines in all possible ways.
vertex then couples to the gaugino component of the chargino or neutralino
proportional to a gauge coupling. Left–right slepton mixing can also be ne-
glected in these diagrams to lowest order in the lepton Yukawa. The chargino
propagator in these diagrams is then 〈W˜+H˜−d 〉. Since the Wino couples to
left-handed fields, only the left handed slepton arises in this class of chargino
diagrams. The neutralino propagators are 〈W˜ 0H˜0d〉 which arises only with
the left-handed slepton and 〈B˜H˜0d〉 which arises only with the right-handed
slepton. All these propagators require gaugino–Higgsino mixing which arises
through coupling with the Higgs condensate proportional to a gauge coupling.
To lowest order in mixing the 〈W˜+H˜−d 〉 and 〈W˜ 0H˜0d〉 chirality violating prop-
agators are proportional to m
W˜
(g2vu)µ through mixing of chirality violating
Wino and Higgsino propagators through the up-type Higgs condensate, and
g2vd through mixing of chirality conserving propagators through the down-
type Higgs condensate. The chirality violating 〈B˜0H˜0d〉 propagator is likewise
proportional to m
B˜
(g1vu)µ and g1vd. Mixings through the down-type Higgs
6
condensates are suppressed for moderate to large tan β = vu/vd. The para-
metric dependence of this class of chirality violating contributions coming
from the first diagram of Fig. 2 in this case are
χ Violating LR 〈B˜H˜0d〉 : Df ∼
g21 mB˜µ mℓ tanβ
16π2 m˜4
(4)
χ Violating LR 〈W˜+,0H˜−,0d 〉 : Df ∼
g22 mW˜µ mℓ tanβ
16π2 m˜4
(5)
where mℓ ∼ λℓvd. Even though these contributions require gaugino–Higgsino
mixing, they are parametrically enhanced by a factor of tanβ with respect
to the chirality conserving contributions (2) and (3) because of the coupling
to the up-type Higgs condensate.
The second class of chirality violating diagrams involve the lepton Yukawa
coupling through left–right scalar mixing. To first order in the lepton Yukawa
this mixing may be treated as a mass squared insertion on the slepton prop-
agator. Under the assumption of proportionality of the scalar tri-linear
soft A-terms, the left–right mixing mass squared for sleptons is given by
(A−µ tanβ)mℓ. The factor of µ tanβ arises from a superpotential cross term
between the Higgsino mass parameter and lepton Yukawa coupling which
mixes the scalar sleptons through the up-type Higgs condensate. Left–right
mixing only occurs for charged sleptons. So only neutralinos contribute to
the diagrams with external charged leptons. To lowest order in the lepton
Yukawa only the gaugino components of the neutralinos couple the sleptons
to the external leptons proportional to a gauge coupling. Only the Bino
component of the neutralinos couples to the right-handed slepton. And since
〈W˜ 0B˜〉 arises only at second order in gaugino–Higgsino mixing the chiral-
ity violating neutralino propagators are given predominantly by 〈B˜B˜〉. For
moderate to large tanβ the parametric dependence of this class of chirality
violating contributions coming from the second diagram of Fig. 2 is
χ Violating LR 〈B˜B˜〉 : Df ∼
g21 mB˜µ mℓ tan β
16π2 m˜4
(6)
where m
B˜
arises from the chirality violating Bino propagator and µ tanβ
from left–right slepton mixing. These contributions are also enhanced by a
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factor of tan β with respect to the chirality conserving contributions (2) and
(3).
For moderate to large tanβ the chirality violating contributions to dipole
operators should dominate over the chirality conserving ones because of the
coupling to the up-type Higgs condensate. Among these, the neutralino con-
tributions (4) and (6) which involve Bino coupling(s) are suppressed by a fac-
tor (g21/g
2
2)mB˜/mW˜ compared with the chargino and neutralino contributions
(5) which involve Wino couplings. With gaugino unificationm
B˜
/m
W˜
≃ g21/g22
which implies an overall suppression of (g41/g
4
2) = tan
4 θw. So with slepton
universality and proportionality the first diagram of Fig. 2, which includes
a left-handed slepton and Wino coupling, should give the dominant con-
tributions to the dipole operator for moderate to large tan β [6, 7]. This
expectation is useful in identifying the microscopic phase bounded by the
electron EDM discussed in section 3, and the source of slepton flavor viola-
tion bounded by ℓi → ℓjγ decays discussed in section 4.
Even though the neutralino and chargino diagrams of the dominant chi-
rality violating contribution are parametrically identical, the loop integrals
differ because the external photon does not couple to the same internal lines.
For equal superpartner masses the neutralino diagram turns out to be a factor
6 smaller than the chargino [6]. For general superpartner masses the relative
importance of these two diagrams depends on the ratios x ≡ µ2/m2
W˜
and
y ≡ m2e˜L/m2W˜ . An explicit evaluation of these diagrams (see the appendix
for details) indicates that the relative importance of the chargino to neu-
tralino diagram strictly increases for large left-handed slepton masses, i.e. ,
for y > 1, x = 1, or for small µ, i.e. , for y = 1, x < 1, and strictly decreases in
the other directions in parameter space, that is for small left-handed slepton
masses, i.e. , for y < 1, x = 1, or large µ, i.e. , for y = 1, x > 1. Even though
the ratio is decreasing for y < 1, x = 1, the chargino diagram is more impor-
tant for well–motivated values for y. For example, with y = 1/10 the chargino
diagram is three times larger than the neutralino diagram, and for the ex-
treme value of y = 1/100 it is still twice as large. There is a similar behavior
for y = 1 with x variable. As noted above, for x < 1 the chargino diagram
is even more important than for the case of equal superpartner masses. For
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x > 1 the ratio decreases rather slowly, with the chargino diagram still four
times as large even at the extreme value of x = 100. We therefore conclude
that the chargino first diagram of Fig. 2 is dominant over the neutralino first
diagram over essentially all of parameter space.
The importance of the second neutralino diagram of Fig. 2 depends on
the size of the µ parameter and the right–handed slepton mass compared
to the other superpartner masses. For equal superpartner masses is a factor
of 3g22/g
2
1 = 3/ tan
2 θ ≃ 10 smaller than the dominant chargino diagram
discussed above. However, in the limit in which the µ term is much larger
than all the other superpartner masses this diagram is easily seen to be
larger than the other gaugino–Higgsino diagrams. The reason is that the
neutralino diagram with the left–right mass insertion is directly proportional
to µ, whereas the diagrams with gaugino–Higgsino propagators decouple at
least as fast as µ−1. This behavior is preserved even if the left-handed slepton
and Wino masses are large and comparable to µ, whereas the right-handed
slepton and Bino masses remain small. In this case the chargino diagram
decouples as
Dχ+µ → −
eg22
64π2
m2µ
m2
L˜
tanβ, (7)
whereas in the same limit the neutralino second diagram of Fig. 2 with the
left–right mass squared insertion decouples more slowly,
Dχ0LRµ → −
eg21
96π2
m2µµmB˜
m2
L˜
m2
R˜
tanβ (8)
and for µ ≃ me˜L this can easily dominate. As µ is decreased further the
chargino diagram becomes dominant. For µ small compared to the Wino
and left-handed slepton mass the chargino diagram decouples as m−3
L˜
, but
the loop integral has an logarithmic infra-red divergence that is cutoff by µ.
In this limit the chargino diagram is
Dχ+µ → −
eg22
16π2
m2µµ
m3
L˜
(
ln
(
m2
L˜
µ2
)
− 11
6
)
tanβ (9)
whereas the neutralino diagram with the left–right mass insertion is un-
changed from (8). In this limit the logarithm is large, and the chargino
9
diagram still dominates this neutralino diagram for left–handed slepton and
wino masses more than roughly 10 times larger than the µ term, Bino, and
right–handed slepton masses.
Finally, the importance of the first neutralino diagram of Fig. 2 with
Bino coupling and right-handed sleptons, rather than Wino coupling and
left-handed sleptons considered above, obviously depends on µ and the right-
handed and Bino mass spectrum. If gaugino unification is assumed, m
B˜
/m
W˜
=
g21/g
2
2, then this neutralino diagram and the chargino diagram depend on the
mass ratios x ≡ µ2/m2
W˜
, y ≡ m2e˜L/m2W˜ , and z ≡ m2e˜R/m2W˜ . The relative
importance of these two diagrams is determined by these ratios. Consider
the case with me˜L = mW˜ , i.e., y = 1., For comparable right-handed and
left-handed slepton masses the chargino diagram is dominant. For example,
for z = 1 corresponding to me˜R = mW˜ , the bino neutralino diagram is typi-
cally a factor of roughly 10 smaller than the dominant chargino diagram for
µ in the range 1/9 < x < 9. For a right-handed slepton mass small com-
pared to the Wino mass the neutralino diagram may however be comparable
to the chargino diagram. More concretely, for z = 1/9 corresponding to
me˜R ≃ mB˜ = me˜L/3, the neutralino diagram is typically less than but com-
parable to the chargino diagram for various values of µ or x; the neutralino
to chargino diagram ratio for x = 1/9 is 0.7, and steadily decreases to 0.5 for
x = 9.
For even lighter right-handed slepton masses this neutralino diagram re-
mains larger than the chargino diagram by a factor of a few. It might be
imagined that in this limit the neutralino diagram scales as an inverse power
of the right-handed slepton mass and then easily dominates. In fact, there
is no infra-red divergence. This is apparent in the effective theory below
the Bino and Higgsino masses. At this scale integrating out the Bino and
Higgsino generates a dimension five operator which couples two fermions and
two sleptons. This operator contributes at one-loop to the muon dipole op-
erator, and by inspection naively vanishes as the right-handed slepton mass
goes to zero. The loop integral however is linearly divergent and this cancels
the vanishing mass dependence to leave a finite part. In this limit the Bino
10
neutralino first diagram of Fig. 2 approaches
Dχ0Rµ →
eg21
32π2
mµ
µmB˜
. (10)
in this limit. Thus the heavier Bino and Higgsino masses set the scale for this
contribution rather than the lighter right-handed slepton mass. Comparing
this result to the chargino diagram assuming gaugino unification and equal
µ term Higgsino mass, Wino mass, and left-handed slepton mass shows that
in these limits it is larger by a factor of two than the chargino diagram.
The result is that within the gaugino mass unification assumption the
first Bino neutralino diagram of Fig. 2 with right-handed sleptons is actually
more important than the chargino diagram for a right-handed slepton mass
roughly three times smaller than the mass scale of the SU(2)L superpart-
ner masses. For heavier right-handed slepton masses the chargino diagram
is dominant. Finally, it is interesting to note that for equal superpartner
masses and assuming slepton proportionality there is an accidental cance-
lation between the leading tan β contributions to the Bino neutralino first
diagram of Fig. 2 and the second Bino neutralino diagram of Fig. 2 which
involves a left–right mass squared insertion.
Independent of which diagrams dominate, up to very small corrections
proportional to powers of the lepton Yukawa coupling, all contributions to
the lepton dipole operators are proportional to a single power of the lepton
mass, as discussed above. With slepton universality and proportionality
of the scalar tri-linear soft terms this implies that the dipole operators for
different leptons are related simply by ratios of the Yukawa couplings or
equivalently lepton masses. This applies diagram by diagram. For example,
for the electron and muon
De ≃ me
mµ
Dµ (11)
for both the real and imaginary parts, and likewise for the tau dipole opera-
tor. This relation is good over all of parameter space with slepton universality
and proportionality. This relation will be used in subsequent sections to re-
late the muon anomalous magnetic moment to the electron EDM in terms of
11
the phase of the operator, and to radiative ℓi → ℓjγ decays in terms of small
violations of slepton flavor.
Violations of slepton universality and proportionality can in principle
modify the relation (11). The magnitude of the scalar tri-linear A-terms for
the first two generations are in principle limited only by the requirement that
the radiatively induced contribution to the lepton mass not be larger than the
observed lepton masses [8]. For non-proportional A >∼ µ tanβ the relation
(11) would be modified. However, in almost all theories of supersymmetry
breaking in which the lepton masses arise in a conventional fashion from tree-
level superpotential Yukawa couplings, the A-terms are at most of order of the
other supersymmetry breaking mass parameters. Splittings of the e˜, µ˜, and τ˜
masses would also of course modify the precise relation (11). Such splittings
depend on the underlying theory of flavor and supersymmetry breaking and
in most models are small at least for the first two generations.
More interesting modifications of the relation (11) can arise from sflavor
violation in the slepton soft mass squared matrix. For the first two gen-
erations, sflavor violating mixings can introduce dependence on a heavier
lepton mass. This occurs in the second chirality violating diagrams of Fig.
2. Sflavor violation in the slepton propagators allows left–right mass squared
insertions proportional to mµ or mτ for the electron dipole operator, and mτ
for the muon. For moderate to large tanβ the parametric dependence of
this class of chirality violating contributions to the electron and muon dipole
operators is
De ∼
g21 mB˜µ
16π2m˜4
[
(δℓ12)LL(δ
ℓ
21)RR mµ + (δ
ℓ
13)LL(δ
ℓ
31)RR mτ
]
tan β (12)
Dµ ∼
g21 mB˜µ
16π2m˜4
[
(δℓ23)LL(δ
ℓ
32)RR mτ
]
tan β (13)
where throughout
(δℓij)LL ≡
δm2
ℓ˜iLℓ˜jL
m2
ℓ˜L
(14)
represents insertions of sflavor violating left–left mass squared mixings in
the slepton propagators, and likewise for right–right and left–right sflavor
12
violating mass squared terms. The potential importance of these sflavor
violating mixing effects in introducing dependence on heavier fermion masses
depends on the magnitude of the sflavor violation and on the specific dipole
operator. Possible contributions associated to the EDM and flavor changing
operators are presented in subsequent sections.
2 Muon Anomalous Magnetic Moment
The anomalous magnetic moment af ≡ (g−2)/2 of a Dirac fermion is related
to the dipole operator (1) by
af =
2|mf |
eQf
|Df | cosϕ (15)
where Qf the fermion electric charge,
1 and in a general basis
ϕ ≡ Arg(Dfm∗f) (16)
is the relative phase between the dipole operator and fermion mass.
Supersymmetric contributions to the anomalous magnetic dipole mo-
ments of various fermions can be related in terms of the microscopic pa-
rameters of the theory. As discussed in section 1, slepton universality and
proportionality imply that the lepton dipole moment operators are related
by ratios of lepton masses (11). With the definition (15) this gives the
well known relation relation that supersymmetric contributions to anoma-
lous magnetic moments are related by ratios of fermion masses squared. For
example, for the electron and muon
aSUSYe ≃
m2e
m2µ
aSUSYµ (17)
and likewise for the tau.
The best measured anomalous magnetic moment in proportion to the
fermion mass squared is for the muon. Bounds on, or measurements of, aµ
1The electron electric charge is Qe = −1.
13
therefore provide the most useful information about the overall magnitude of
supersymmetric contributions to lepton dipole operators. The Brookhaven
muon g − 2 experiment has observed a value which differs by at the 2.6 σ
level from the Standard Model prediction aexpµ − aSMµ = 43 ± 16 × 10−10 [4]
Additional data and a run utilizing anti-muons will reduce both statistical
and systematic errors. The largest theoretical uncertainty in the Standard
Model prediction arises from hadronic contributions to photon vacuum po-
larization. At present there is not a complete concordance among the various
theoretical calculations used to extract the photon polarization from e+e− →
hadrons and tau decays. It is of course very important that this uncertainty
be better understood [9, 10].
One possible explanation for the experimental discrepancy [4] is the ex-
istence of additional non-Standard Model contributions to the muon anoma-
lous magnetic moment. Electroweak scale supersymmetry can easily give
contributions to aµ of the requisite magnitude [11]. The dominant chargino–
sneutrino diagram gives a contribution to the muon anomalous magnetic
moment of
aχ
±
µ ≃
g22 tanβ
32π2
m2µ
m˜2
sgn(µ) (18)
where m˜ is the effective mass of the virtual superpartners. This supersym-
metric contribution can account for the discrepancy with m˜ ∼ 50√tan β GeV
and sgn(µ) = +. The total supersymmetric contribution of course depends
on details of the superpartner mass spectrum and couplings and is model de-
pendent. However, as detailed in the next two sections, the relation among
supersymmetric contributions to electromagnetic dipole operators in terms
of violations of time reversal and parity or sflavor symmetries is not partic-
ularly sensitive to details of the superpartner spectrum and is fairly model
independent. The discrepancy, aexpµ − aSMµ , if interpreted as arising from su-
persymmetry, may therefore be used to set the overall scale for supersymmet-
ric contributions to all lepton electromagnetic dipole operators. Alternately,
the discrepancy may be interpreted as an upper limit on the overall scale of
supersymmetric contributions to lepton dipole operators.
The muon anomalous magnetic moment, or equivalently the dipole mo-
ment coefficient, may be used to set the scale for other lepton dipole operators
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through the relations (11) and (17). Since these relations assume slepton
universality and proportionality it is important to consider the magnitude
of possible modifications of these relations from violations of universality
or proportionality. As mentioned at the end of section 1, dependence of a
dipole operator on a heavier lepton mass can be introduced by slepton fla-
vor violation. For the muon dipole operator the presence of both right–right
and left–left smuon–stau mixing gives a contribution (13) proportional to
mτ through flavor conserving left–right stau mixing in the chirality violating
Bino second diagram of Fig. 2. In terms of insertions this corresponds to
smuon–stau mixing insertions on both the left and right handed slepton lines
and a left–right stau mixing insertion proportional to mτ represented by a
dot in the second diagram of Fig. 2. For moderate to large tan β the para-
metric dependence of the sflavor violating contribution (13) arising from stau
mixing proportional to mτ in the Bino diagram, compared to the dominant
flavor conserving contribution (5) is
aSUSY−τ˜µ
aSUSY−µ˜µ
≃ g
2
1
3g22
mτ
mµ
m
B˜
m
W˜
(δℓ23)LL(δ
ℓ
32)RR
h0
f+
h′′0,LR (19)
where the sflavor violating mixing masses squared are treated as insertions,
and here it is understood that the flavor violating insertions refer to the
real parts only. The functions f+ and h0 are loop functions defined in the
appendix for the chargino first diagram of Fig. 2 and the neutralino second
diagram of Fig. 2, and normalized to unity for equal superpartner masses.
The dimensionless derivative function
h′′0,LR ≡
m2
ℓ˜L
m2
ℓ˜R
h0
∂2 h0
∂m2
ℓ˜L
∂m2
ℓ˜R
=
1
h0
∂2h0
∂ lnm2
ℓ˜L
∂ lnm2
ℓ˜R
(20)
represents the modification of the loop function induced by the two sflavor
violating mixing insertions such that h0h
′′
0,LR is the loop function for the
stau contribution aSUSY−τ˜µ . This function does not differ significantly from
unity and is fairly insensitive to details of the superpartner mass spectrum
since it is a logarithmic derivative of the loop function. The ratio of loop
functions h0/f+ does however depend on the superpartner spectrum. For
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equal sparticle masses h0/f+ = 1 and h
′′
0,LR = 2/5. With gaugino unification
m
B˜
/m
W˜
= g21/g
2
2, the ratio (19) is then roughly O(10−1−1)×(δℓ23)LL(δℓ23)RR.
So a significant sflavor violating supersymmetric contribution to the muon
anomalous magnetic moment would require essentially maximal smuon–stau
mixing in both the left–left and right–right channels.
The magnitude of possible sflavor violating mixings is bounded by radia-
tive flavor changing lepton decays, as discussed in section 4. The bounds de-
pend on the overall magnitude of the electromagnetic dipole operators, which
as discussed here may be related to the muon anomalous magnetic moment.
First, assume that aSUSYµ is dominated by the flavor conserving chargino con-
tribution, and that the discrepancy aexpµ − aSUSYµ [4] is interpreted as arising
from supersymmetry. In this case limits on τ → µγ radiative decay discussed
in section 4 imply that (δℓ23)LL(δ
ℓ
32)RR <∼ 10−1 up to model dependent ra-
tios of loop functions. So possible sflavor violating contributions to aSUSYµ
are subdominant in this case. If supersymmetric contributions to the muon
anomalous magnetic moment are in fact smaller than the current discrepancy
aexpµ − aSUSYµ then the bound on sflavor violating mixings are weakened since
the overall magnitude of all electromagnetic dipole operators is smaller. To
estimate the importance of this effect consider the Brookhaven muon g − 2
experiment which may reach an ultimate sensitivity of ∆aexpµ ∼ 4 × 10−10
[12]. If agreement with an improved calculation of the Standard Model con-
tribution were obtained at this level then the bound on aSUSYµ would improve
by approximately an order of magnitude. This would weaken the bounds
obtained in section 4 derived under the assumption that the sflavor conserv-
ing chargino contribution dominates aSUSYµ to roughly (δ
ℓ
23)LL(δ
ℓ
32)RR <∼ 1
again up to model dependent ratios of loop functions. In this case the sflavor
violating stau–Bino contribution could be at most comparable to the flavor
conserving smuon–chargino contribution.
So we conclude that for any value of aSUSYµ which could be accessible to
the ultimate sensitivity of the Brookhaven muon g − 2 experiment, sflavor
violating stau contributions to aSUSYµ are at most comparable to the flavor
conserving contribution (which would require that both left–left and right–
right smuon–stau mixing are near maximal), and in fact are an order of
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magnitude smaller if the current discrepancy aexpµ − aSMµ [4] is due to su-
persymmetry. This allows aSUSYµ to be identified with the dominant sflavor
conserving chargino contribution for moderate to large tanβ over most of pa-
rameter space. And in turn the overall scale for other electromagnetic dipole
operators may then be related to aSUSYµ through the relations (11) and (15).
3 Electron Electric Dipole Moment
An electric dipole moment (EDM) coupling the spin of a fermion to the
electric field is odd under both parity and time-reversal. The dipole operator
(1) in general violates both these symmetries and is related to the electric
dipole moment by
df = |Df | sinϕ (21)
where ϕ is the relative phase (16) between the dipole operator coefficient and
fermion mass. An EDM requires that this relative phase be non-vanishing.
Under the assumption of slepton universality and proportionality the elec-
tron and muon dipole operator coefficients, including the phase, are related
by the ratio of masses (11). The supersymmetric contribution to the electron
EDM may then be related to the supersymmetric contributions to the muon
anomalous magnetic moment by
dSUSYe ≃ −e
me
2m2µ
aSUSYµ tanϕ
≃ −4.6× 10−16 aSUSYµ tanϕ e cm (22)
This relation is independent of which diagrams dominate the dipole operator,
or any details of the superpartner spectrum. It is valid over all of parameter
space if slepton universality and proportionality holds.
If the current discrepancy between aexpµ and a
SM
µ [4] is interpreted as aris-
ing from supersymmetry, aSUSYµ ∼ 42 × 10−10, the current bound on the
electron EDM of |de| < 4 × 10−27 e cm obtained from 205Tl [13] along with
the relation (22) can be used to obtain a bound on the phase of supersym-
metric contribution to the dipole operator of
| tanϕ| <∼ 2× 10−3
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Alternately if aexpµ − aSMµ is taken as an upper limit on aSUSYµ , the above
bound can be interpreted as the most stringent possible bound the 205Tl
EDM experiment places on the phase of the dipole operator consistent with
the bound on aSUSYµ .
The relation of the phase of the dipole operator to the underlying phases
of the supersymmetric Lagrangian depends in principle on the relative im-
portance of the individual diagrams. As discussed in section 1, for moderate
to large tan β the chirality violating diagrams of Fig. 2 are all parametri-
cally larger by a factor of tan β than the chirality conserving diagrams of
Fig. 1. In order to relate the phase of the dipole operator in this limit to
underlying supersymmetric phases it is instructive to determine the origin of
the phase of each chirality violating diagram. All the supersymmetric phases
arise from relevant terms in the supersymmetric and supersymmetry break-
ing Lagrangians, and appear in the neutralino, chargino, and slepton mass
matrices and therefore propagators after electroweak symmetry breaking.
Consider first the dominant chargino diagram of Fig. 2. This diagram
involves a sneutrino propagator, which with slepton universality does not
involve a phase. The chirality violating chargino propagator may be obtained
to lowest order in Wino-Higgsino mixing by treating the mixing induced by
the Higgs condensate as an insertion. In Weyl notation this propagator is
〈W˜+H˜−d 〉 ≃
i6p(−ig2vd/
√
2)i6 p¯ + im∗
W˜
(−ig2v∗u/
√
2)iµ∗
(p2 − |m
W˜
|2) (p2 − |µ|2) (23)
where vu,d ≡
√
2〈H0u,d〉 are the up- and down-type Higgs boson expectation
values. The first term in (23) arises from chirality conserving Wino and
Higgsino propagators connected through the mixing insertion to the down-
type Higgs condensate, while the second arises from the chirality violating
propagators connected through the up-type Higgs condensate. Including the
lepton Yukawa, λℓ, from the Higgsino–lepton–slepton coupling, the dipole op-
erator phase arising from the first term in (23) proportional to the down-type
Higgs condensate is Arg(Dℓ) = Arg(λℓvd), while that from the second term
proportional to the up-type Higgs condensate is Arg(Dℓ) = Arg(λℓm∗
W˜
µ∗v∗u).
The physical phase relevant for the EDM is the relative phase (16) between
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the dipole operator and lepton mass ϕ ≡ Arg(Dℓm∗ℓ). The phase of the
lepton mass in a general basis is determined by the down-type Higgs bo-
son expectation value Arg(mℓ) = Arg(λℓvd). The physical phase arising
from the first term in the propagator (23) therefore vanishes Arg(Dℓm∗ℓ) =
Arg(λℓvdλ
∗
ℓv
∗
d) = 0, and so contributes only to the magnetic dipole moment.
The magnitude of this contribution is however suppressed with respect to the
second term in the propagator for large tan β, as discussed in section 1. The
physical phase arising from the second term in the propagator (23) along
with the lepton Yukawa, λℓ, from the Higgsino–lepton–slepton coupling is
Arg(Dℓm∗ℓ) = Arg(λ∗ℓm∗W˜µ∗v∗uλ∗ℓv∗d) = −Arg(mW˜µvuvd). In the ground state
with broken electroweak symmetry the relative phase of the up- and down-
type Higgs condensates is anti-aligned with the Higgs up–Higgs down soft
mass parameter, Arg(vuvd) = −Arg(m2ud), where V ⊃ m2udHuHd + h.c. [14].
The phase of the dominant chirality violating chargino–sneutrino contribu-
tion to the lepton EDM to lowest order in Wino-Higgsino mixing and to
leading order in (tan β)−1 is therefore given by the basis independent combi-
nation of phases [14]
ϕ ≃ −Arg
(
m
W˜
µ(m∗ud)
2
)
(24)
Next consider the neutralino first diagram of Fig. 2. With slepton univer-
sality the slepton propagator does not involve a phase. The chirality violating
neutralino propagator diagram receives contributions at lowest order from
both Wino-Higgsino and Bino-Higgsino mixing. The 〈W˜ 0H˜0d〉 propagator is
identical to the propagator (23) including phases. The physical phase of the
leading contribution in (tanβ)−1 is therefore identical to chargino diagram
phase (24). The Bino–Higgsino propagator to lowest order in mixing in Weyl
notation is very similar
〈B˜H˜0d〉 ≃
i6p(−ig1vd/
√
2)i6 p¯ + im∗
B˜
(−ig1v∗u/
√
2)iµ∗
(p2 − |m
B˜
|2) (p2 − |µ|2) (25)
Applying the same discussion of the relative phases as given above for the
chargino diagram then implies that the basis independent physical combina-
tion of phases arising at leading order in (tan β)−1 from this diagram is
ϕ ≃ −Arg
(
m
B˜
µ(m∗ud)
2
)
(26)
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With strict gaugino unification Arg(m
B˜
) = Arg(m
W˜
). So in this case the
phase of this contribution is also identical that of the chargino diagram (24).
Finally, consider the neutralino second diagram of Fig. 2. The slepton
propagator includes left–right mixing which in a general basis can involve
a phase. To lowest order the left–right mass squared mixing this may be
treated as an insertion in the slepton propagator. With slepton universality
and proportionality
〈ℓ˜Lℓ˜∗R〉 ≃
i [iλℓ(Avd − µ∗v∗u)] i
(p2 −m2
ℓ˜L
)(p2 −m2
ℓ˜R
)
(27)
The first term in the numerator arises from the soft scalar tri-linear A term
mixing left- and right-handed sleptons through the down-type Higgs con-
densate, while the second term arises from a superpotential cross term be-
tween the Higgsino mass parameter and lepton Yukawa coupling through the
up-type Higgs condensate. Through second order in mixing, the chirality
violating neutralino propagator of this diagram is dominated by the Bino
component. In Weyl notation this propagator is
〈B˜B˜〉 ≃ im
∗
B˜
(p2 − |m
B˜
|2) (28)
The dipole operator phase arising from the first term in slepton propagator
(27) proportional to the down-type Higgs condensate along with the phase of
the Bino propagator (28) is Arg(Dℓ) = Arg(λℓAvdm∗
B˜
). The physical phase
Arg(Dℓm∗ℓ) from these terms is therefore given by the basis independent
combination of phases [14]
ϕ ≃ Arg
(
Am∗
B˜
)
(29)
With slepton proportionality the magnitude of this term is however sup-
pressed with respect to the second term in the slepton propagator for moder-
ate to large tan β since it is proportional to the down-type Higgs condensate.
The dipole operator phase arising from the second term in the slepton propa-
gator (27) proportional to the up-type Higgs condensate along with the phase
of the Bino propagator (28) is Arg(Dℓ) = Arg(λℓµ∗v∗um∗B˜). Anti-alignment of
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the relative phase of the up- and down-type Higgs condensates with the Higgs
up–Higgs down soft mass parameter, Arg(vuvd) = −Arg(m2ud), then implies
that the physical phase Arg(Dℓm∗ℓ) is given by the basis independent combi-
nation of phases (24). So under the assumption of slepton universality, pro-
portionality and gaugino unification, all the tanβ enhanced electromagnetic
dipole operator diagrams have the same phase to leading order in Higgsino-
gaugino mixing. The phase (24) therefore dominates the phase appearing in
the electron EDM for moderate to large tan β over most of parameter space.
It might have been possible in principle for the phases among various con-
tributions to the dipole operator to have accidentally approximately canceled
[15]. This could in principle occur for small tan β by a cancelation between
the phases (24) and (29). But the Bino diagram proportional to the phase
(29) is parametrically suppressed by ratios of gauge couplings compared with
the dominant chargino diagram. Cancelation would only occur if the ratio of
the phases (24) and (29) just happens to be nearly equal in magnitude and
opposite in sign to the ratio of the chargino to Bino contributions. Cancela-
tions might also in principle occur in the region of parameter space with large
Higgsino-gaugino mixing. However, such fortuitous cancelations depend on
accidental details of the superpartner spectrum, are not enforced by any
symmetry, and occur only over very narrow slivers of parameter space [16].
Outside of these narrow regions of parameter space the electron EDM can
therefore be considered to bound the phase (24) rather directly for moderate
to large tanβ under the assumption of slepton universality and proportion-
ality.
Slepton flavor violation can in principle lead to violations of the propor-
tionality relation (11). Left–left and right–right sflavor violation in the slep-
ton propagators allows flavor conserving left–right mass squared insertions
proportional to both mµ and mτ in the electron electromagnetic dipole op-
erator as illustrated in (12). This sflavor violation can introduce important
additional sources for the physical phase appearing in the electron EDM.
The intermediate stau contribution to the electron EDM proportional to
mτ through a left–right mixing arises from the second neutralino diagram of
Fig. 2 with both left–left and right–right selectron–stau flavor violating mass
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squared insertions. The ratio of the stau–Bino contribution to the electron
EDM to the flavor conserving contribution from the selectron–chargino first
diagram of Fig. 2 is
dSUSY−τ˜e
dSUSY−e˜e
≃
(
g21
3g22
mτ
me
m
B˜
m
W˜
)
|(δℓ13)LL(δℓ31)RR|
h0
f+
h′′0,LR
sin(ϕ+ ϕ1331)
sinϕ
(30)
where ϕ is the relative phase between the flavor conserving contribution to
the dipole operator and electron mass (16) and
ϕ1331 = Arg
(
(δℓ13)LL(δ
ℓ
31)RR
)
(31)
is the phase of the left–left times right–right selectron–stau mass squared
mixing, and where strict gaugino unification, Arg(m
B˜
) = Arg(m
W˜
), has
been assumed. The functions f+ and h0 are loop functions defined in the
appendix for the chargino first diagram of Fig. 2 and the neutralino second
diagram of Fig. 2, and normalized to unity for equal superpartner masses.
The dimensionless derivative function h′′0,LR defined in (20) represents the
modification of the loop function induced by the two sflavor violating mixing
insertions such that h0h
′′
0,LR is the loop function for the stau contribution
dSUSY−τ˜e .
The importance of the sflavor violating stau contribution to the electron
EDM depends on the magnitude and phases of the left–left and right–right
selectron–stau mass squared mixings. With gaugino unification, the first
term in parenthesis on the right hand side of the ratio (30) is (mτ/3me) tan
4 θw ≃
100. The most stringent possible limits on the magnitude of left–left and
right–right selectron–stau sflavor violation arising from the limits on τ → eγ
radiative decay, and consistent with the current experimental results for the
muon anomalous magnetic moment, are presented in section 4. The bounds
derived there imply that at best |(δℓ13)LL(δℓ31)RR| <∼ 10−1 up to ratios of
model dependent loop functions. Since the sflavor violating phases are uncon-
strained, the mτ enhanced sflavor violating stau contribution to the electron
EDM could clearly dominate the flavor conserving contribution. So unlike
the muon anomalous magnetic moment discussed in section 2, the electron
EDM can potentially receive significant contributions from sflavor violation.
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The muon anomalous magnetic moment is likely to be dominated by
sflavor conserving contributions for any aSUSYµ which will be accessible to
the ultimate sensitivity of the Brookhaven muon g − 2 experiment [12], as
discussed in section 2. The sflavor conserving supersymmetric contribution
aSUSYµ may then still be used to characterize the magnitude of the sflavor
violating stau contribution to the electron EDM in terms of sflavor violation
and ratios of loop functions. From the ratio (30) and the relation between
the flavor conserving contribution to the electron EDM and aSUSYµ given in
(22), the sflavor violating stau contribution may be written
dSUSY−τ˜e ≃ −
g21
6g22
mτ
m2µ
m
B˜
m
W˜
aSUSYµ |(δℓ13)LL(δℓ31)RR|
h0
f+
h′′0,LR ×
(tanϕ cosϕ1331 + sinϕ1331) e cm
≃ −4.9× 10−14 aSUSYµ |(δℓ13)LL(δℓ31)RR|
h0
f+
h′′0,LR ×
(tanϕ cosϕ1331 + sinϕ1331) e cm (32)
If the current discrepancy between aexpµ and a
SM
µ [4] is interpreted as arising
from supersymmetry, aSUSYµ ∼ 42× 10−10, the current bound on the electron
EDM of |de| < 4×10−27 e cm obtained from 205Tl [13] along with the relation
(32) can be used to obtain a bound on the imaginary part of the product of
the left–left times right–right selectron–stau mass squared mixings
|(δℓ13)LL(δℓ31)RR|| sinϕ1331| <∼ 2× 10−5
(
h0
f+
h′′0,LR
)
−1
where possible cancelation with the flavor conserving contribution has been
ignored. If the sflavor violating phase are large, the electron EDM apparently
provides a more stringent bound on the the product left–left times right–
right selectron–stau mixing than that obtained from τ → eγ decay discussed
in section 4. Alternatively, an observation of τ → eγ close to the current
experimental limit combined with the electron EDM constraint would yield
a very strong direct bound on this product of sflavor violating phases.
The electron EDM can also receive analogous sflavor violating contribu-
tions proportional to mµ through sflavor conserving left–right smuon mixing
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in combination with both left–left and right–right selectron–smuon mixing,
as illustrated in (12). The ratio of this contribution to the sflavor conserv-
ing chargino contribution is identical to (30) with mτ replaced by mµ, and
stau mixing replaced by smuon mixing. This contribution should be smaller
than the possible stau contribution discussed above for two reasons. First,
the smuon contribution is proportional to mµ rather than mτ . Second, the
bounds on selectron–smuon mixing are much more stringent than those on
selectron–stau mixing. The most stringent possible limits derived is section
4 on selectron–smuon sflavor violation arising from limits on µ → eγ radia-
tive decay, and consistent with the current experimental results for the muon
anomalous magnetic moment, imply that at best |(δℓ12)LL(δℓ21)RR| <∼ 10−7 up
to ratios of model dependent loop functions. In this case the smuon contri-
bution to the electron EDM is smaller than the sflavor conserving selectron–
chargino contribution unless the the slfavor conserving phase is smaller than
the sflavor violating phase by a factor of roughly 10−6.
4 Radiative Flavor Changing Lepton Decays
Non–trivial flavor structure of the electromagnetic dipole operators gives rise
to radiative flavor changing fermion decays. There are two possible chiral
structures for such transition dipole moments. For example, for µ–e transi-
tions the operators are
− 1
2
DLeµ eLσµνµRFµν − 1
2
D∗Leµ µRσµνeLFµν (33)
− 1
2
DReµ eRσµνµLFµν − 1
2
D∗Reµ µLσµνeRFµν (34)
where the subscript L or R refers to the chirality of the lighter final state
fermion, and likewise for τ–µ and τ–e operators. The lepton radiative flavor
changing decay rates arising from transition operators of the form (33) and
(34) are
Γ(ℓi → ℓjγ) =
(|DLij|2 + |DRij |2) m3ℓi
16π
(35)
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where the left- and right-handed operators do not interfere up to corrections
of order m2j/m
2
i [17].
The supersymmetric Standard Model allows for the possibility of indi-
vidual lepton flavor violation in the left- and right-handed slepton soft mass
squared matrices and in the scalar tri-linear soft A-terms mixing left- and
right-handed sleptons. These flavor violations appear in the slepton propa-
gators after electroweak symmetry breaking. The supersymmetric diagrams
which contribute to the transition dipole operators are just those of section
1 with the inclusion of slepton flavor violating propagators. If the flavor
violation in these propagators is small, it may be represented by left–left,
right–right and left–right flavor violating mass squared insertions. In this
case the magnitude of the flavor violating operators may be related to that
of the flavor conserving operators in terms the small flavor violation. Un-
der the various assumptions detailed below, the muon anomalous magnetic
moment may then be related to the decay rates of radiative flavor changing
decays ℓi → ℓjγ in terms of flavor violating mass squared insertions.
Consider first the assumption of approximate slepton universality and ap-
proximate proportionality which we define as sflavor violation which is small
enough so as not to modify the relation (11) that flavor conserving dipole
operators are in proportion to the fermion masses. In this case the leading
effects come from single insertions of flavor violating mass squared insertions.
Possible modifications of approximate universality and proportionality aris-
ing from sflavor violation are considered separately below. As discussed in
section 1 the chirality violating chargino–sneutrino first diagram of Fig. 2
generally gives the dominant contribution to the flavor conserving dipole
operators for moderate to large tan β. In this case, ignoring possible can-
celations with sub-dominant diagrams discussed below, the supersymmetric
contributions to the transition dipole moment for ℓi → ℓjγ can be related
to the flavor conserving muon dipole moment in terms of sneutrino flavor
violating left–left mass squared insertions in the chargino-sneutrino diagram
as
DLij ⊃ mi
mµ
Dµ (δℓij)LL f ′+,L (36)
where the flavor conserving Di ≃ (mi/mµ)Dµ is assumed to be dominated by
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chargino-sneutrino diagram, and (δℓij)LL is the dimensionless sflavor violating
left–left mixing defined in terms of the left–left mixing mass squared matrix
in (14). The dimensionless derivative function
f ′+,L ≡
m2ν˜
f+
∂f+
∂m2ν˜
=
∂ ln f+
∂ lnm2ν˜
(37)
represents the modification of the loop function induced by the left–left sfla-
vor violating insertion on the sneutrino propagator such that f+f
′
+,L is the
loop function for the transition dipole operator with f+ = f+(m
2
ν˜ , m
2
W˜
, µ2)
the loop function of the dominant chirality violating chargino first diagram
of Fig. 2. This order one function depends on details of the superpartner
mass spectrum. For equal superpartner masses f ′+,L = −0.4, while for 0.1 <
m2ν˜/m
2
W˜
< 10 with m
W˜
= µ it varies in the range −0.11 < f ′+,L < −0.75.
Aside from this slight model dependence from modification of the loop func-
tion, the transition dipole moment induced by left–left sflavor violation is
related rather directly to the muon dipole moment by (37) for moderate to
large tan β and assuming approximate universality.
Transition dipole moments can also receive contributions from left–right
and right–right sflavor violation through diagrams which are sub-dominant
in the flavor conserving dipole moments. The importance of these diagrams
depends on the relative magnitude of the underlying sflavor violations. Left–
right sflavor violation contributes to transition dipole operators through the
chirality violating neutralino second diagram of Fig. 2. The left–right slepton
mixing insertion represented by the dot in the second diagram Fig. 2 in
this case is flavor violating. Since this diagram does not involve an explicit
Yukawa coupling in the neutralino coupling, it contributes to both chiralities
of transition operators (33) and (34)
DLij , DRij ⊃ mi
mµ
Dµ g
2
1
3g22
m
B˜
m
W˜
h0
f+
mℓ˜Lmℓ˜R
miµ tanβ
(δℓij)RL (38)
The factor (g21mB˜/g
2
2mW˜ )(h0/f+) accounts for the difference in loop function
and parametric dependence of the couplings and gaugino mass insertions and
of the subdominant neutralino second diagram of Fig. 2 compared with the
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dominant chargino first diagram. The loop functions are normalized to unity
for equal superpartner masses. The factor mℓ˜Lmℓ˜R/(miµ tanβ) accounts for
the difference in parametric dependence of the flavor conserving and violating
left–right mass squared insertions.
Right–right sflavor violation contributes to transition dipole operators
at lowest order through two diagrams. The first is the chirality violating
neutralino first diagram of Fig. 2 with a right–right mass squared mixing
insertion on the slepton propagator. The second is the chirality violating
neutralino second diagram of Fig. 2 with again a right–right mass squared
insertion on the right handed slepton propagator. Both these diagrams have
the same parametric dependence on couplings and chirality violating mass
insertions on the neutralino propagators
DRij ⊃ mi
mµ
Dµ g
2
1
3g22
m
B˜
m
W˜
(−f0
f+
f ′0,R +
h0
f+
h′0,R
)
(δℓij)RR (39)
where (δℓij)RR is the dimensionless slepton sflavor violating right-right mixing.
In order to display the relation between the transition dipole moments,
the muon anomalous magnetic moment which determines the overall scale
for the dipole moments, and sflavor violating mass squared insertions, it is
convenient to define the transition dipole operator coefficients in terms of the
scaled flavor conserving dipole operator coefficient times dimensionless flavor
violating transition elements
DLij ≃ −e mi
2m2µ
aSUSYµ ǫLij
DRij ≃ −e mi
2m2µ
aSUSYµ ǫRij (40)
The leading sflavor violating contributions discussed above then give
ǫLij ≃ (δℓij)LL f ′+,L +
g21
3g22
m
B˜
m
W˜
h0
f+
mℓ˜Lmℓ˜R
miµ tanβ
(δℓij)RL (41)
ǫRij ≃ g
2
1
3g22
m
B˜
m
W˜
[(−f0
f+
f ′0,R +
h0
f+
h′0,R
)
(δℓij)RR +
h0
f+
mℓ˜Lmℓ˜R
miµ tanβ
(δℓij)RL
]
(42)
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Supersymmetric contributions to the branching branching ratios for radiative
flavor changing decays ℓi → ℓjγ relevant for muon and tau decays are then
Br(ℓi → ℓjγ) ≃
12π3α (aSUSYµ )
2
G2F m
4
µ
(
|ǫLij |2 + |ǫRij |2
)
Br(ℓi → ℓjνℓjνj)
≃ 1.85× 1014(aSUSYµ )2
(
|ǫLij |2 + |ǫRij |2
)
Br(ℓi → ℓjνℓjνj)(43)
where α is the fine structure constant, the muon weak decay rate is Γ(µ →
eνeνµ) = G
2
Fm
5
µ/(192π
3), Br(µ→ eνeνµ) ≃ 1, and Br(τ → ℓjνℓjντ ) ≃ 0.175.
Note that the mi dependence of the transition dipole coefficient (36) cancels
with the mi dependence of the radiative decay rate (35) within the branching
ratio (43).
Left–left and right–right sflavor violating slepton mass squared mixings
appear in the dimensionless flavor violating transition elements (41) and (42)
in proportion to ratios of coupling constants, Bino to Wino masses which may
be related to coupling constants under the assumption of gaugino unification
m
B˜
/m
W˜
= g21/g
2
2, and ratios and derivatives of loop functions. Since, as dis-
cussed above, the ratios and derivatives of loop functions do not depend to
drastically on the superpartner spectrum, left–left and right–right sflavor vi-
olating contributions to radiative flavor changing decays can then be related
to the muon anomalous magnetic moment through the branching ratios (43)
in a fairly model independent manner. In contrast left–right sflavor violat-
ing mass squared mixings appear in the transition elements (41) and (42) in
proportion to slepton masses and tanβ. The relation between left–right mix-
ings, the muon anomalous magnetic moment, and flavor changing branching
ratios (43) is therefore model dependent. Therefore only the fairly model
independent relations which can be extracted for left–left and right–right
sflavor violating mass squared mixings are presented below.
If the current discrepancy [4] between aexpµ and a
SM
µ is interpreted as aris-
ing from supersymmetry, aSUSYµ ∼ 43× 10−10, the current bound on µ→ eγ
of Br(µ→ eγ) < 1.2× 10−11 [18] along with the relation (43) can be used to
obtain a bound on the smuon–selectron transition dipole coefficients of√
|ǫL21|2 + |ǫR21|2 <∼ 6× 10−5
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In the absence of cancelations among the various contributions, this bound
on the dipole coefficients may be used to bound the individual dimension-
less sflavor violating mixings. Assuming a single contribution dominates
then yields bounds on left–left and right–right selectron–smuon dimension-
less mass squared mixing of
|(δℓ12)LL| <∼ 6× 10−5 (f ′+,L)−1
|(δℓ12)RR| <∼ 2× 10−3
(−f0
f+
f ′0,R +
h0
f+
h′0,R
)
−1
where gaugino unification m
B˜
/m
W˜
= g21/g
2
2 = tan
2 θ has been assumed.
The bound obtained above on (δℓ12)LL is stronger by roughly a factor of
50–100 than a previously quoted bound [19]. The difference arises from a
number of factors. In [19] only the chirality conserving photino diagram is
considered, which is suppressed compared to the dominant chargino diagram
by factors of gauge couplings, tanβ, and for equal superpartner masses, a
smaller loop function. In addition there has also been an improvement in the
experimental sensitivity to µ → eγ radiative decays [18]. All these factors
combine to provide a stronger constraint.
In analogy the the bounds derived above, the current bounds on flavor
changing τ radiative decays of Br(τ → µγ) < 1.1 × 10−6 [20] and Br(τ →
eγ) < 2.7 × 10−6 [21] along with the relation (43) can be used to obtain
bounds on smuon–stau and selectron–stau dipole coefficients of√
|ǫL32|2 + |ǫR32|2 <∼ 4× 10−2√
|ǫL31|2 + |ǫR31|2 <∼ 7× 10−2
Assuming a single contribution dominates then yields the bounds on the
left–left smuon–stau and selectron–stau dimensionless mass squared mixings
of
|(δℓ32)LL| <∼ 4× 10−2 (f ′+,L)−1
|(δℓ31)LL| <∼ 7× 10−2 (f ′+,L)−1
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where again gaugino unification has been assumed. Bounds on the right–
right mixings are not significant since these insertions appear in subdominant
diagrams
|(δℓ32)RR| <∼ 1.3
(−f0
f+
f ′0,R +
h0
f+
h′0,R
)
−1
|(δℓ31)RR| <∼ 2.3
(−f0
f+
f ′0,R +
h0
f+
h′0,R
)
−1
All the bounds given above are good for moderate to large tanβ for which the
first chargino diagram of Fig. 2 generally gives the dominant contribution.
The only model dependence appears in the ratios and logarithmic derivatives
of loop functions as indicated. If the current discrepancy [4] between aexpµ
and aSMµ is interpreted as an upper limit on supersymmetric contributions,
aSUSYµ <∼ 43×10−10, then the bounds given above may be interpreted as the
most stringent possible bounds consistent with the muon anomalous magnetic
moment.
5 Conclusions
Supersymmetry can give many interesting signals which may be observable
in low energy processes. In this paper we have illuminated the relation be-
tween the muon anomalous magnetic moment, the electron EDM, and the
lepton flavor violating radiative decays, µ → eγ, τ → µγ and τ → eγ. A
bound(measurement) of the non-Standard Model contributions to the muon
anomalous magnetic moment can bound(determine) the overall scale of the
dipole operators which contribute to these processes in a manner which is
fairly insensitive to details of the superpartner mass spectrum. In this way
the electron EDM and ℓi → ℓjγ decays can be related to small supersym-
metric violations of time-reversal and slepton flavor respectively in a fairly
model independent manner.
The Brookhaven muon g−2 experiment may eventually reach a sensitivity
of ∆aexpµ ∼ 4 × 10−10 [12]. If this sensitivity is achieved and the measured
value is in agreement with an improved determination of the Standard Model
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hadronic vacuum polarization and light by light scattering contributions then
the bound on aSUSYµ would improve by approximately an order of magnitude.
Such an agreement with the Standard Model would imply concomitantly
heavier superpartners and weaken the bound given above on the phase of
the dipole operator coming from the present 205Tl EDM experiment [13] by
an order of magnitude, and weaken the bounds given above on the slepton
mixing amplitudes coming from the present ℓi → ℓjγ experiments [18, 20, 21]
by a factor of roughly three. However, future EDM experiments in atomic
traps may improve the sensitivity to the phase of the dipole operator by
two to three orders of magnitude [22], and a future experiment sensitive to
Br(µ→ eγ) >∼ 2×10−14 [23] would improve the sensitivity to the selectron–
smuon mixing amplitude by a factor of roughly 25.
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work of S.T. was supported by the US National Science Foundation under
grant PHY98-70115, the Alfred P. Sloan Foundation, and Stanford University
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A Supersymmetric Dipole Moments
Supersymmetric contributions to lepton electromagnetic dipole operators
which couple to the up-type Higgs condensate are enhanced by a factor tanβ
with respect to couplings to the down-type Higgs condensate. As discussed
in section 1 the contributions which are enhanced by this factor include a
subset of the chirality violating diagrams of Fig. 2. In this appendix the
expressions for these tan β enhanced contributions are presented. Gaugino–
Higgsino mixing is treated perturbatively to first order as an insertion of a
up-type Higgs condensate. Slepton proportionality is assumed in which the
left-right mass squared mixing is given by mℓµ tanβ in the large tan β limit.
The supersymmetric contributions to Df may be expressed in terms of
the dimensionless loop functions
JN(x1, x2, · · ·xN ) ≡
∫
∞
0
dy y2
N∏
i=1
1
y + xi
(44)
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IN(x1, x2, · · ·xN ) ≡
∫
∞
0
dy y
N∏
i=1
1
y + xi
(45)
In terms of these functions, the chargino with sneutrino, Wino neutralino
with left-handed slepton, Bino neutralino with left-handed slepton, Bino neu-
tralino with right-handed slepton, and Bino neutralino with left-right mass
squared insertion diagrams of Fig. 2 give, respectively,
〈W˜+H˜−d 〉 : − 2Dχ
+
f =
eg22 tanβ
32π2
mf
m˜4H
µmW˜
(
4J5(
m2ν˜L
m˜2H
,
µ2
m˜2H
,
m2
W˜
m˜2H
,
µ2
m˜2H
,
µ2
m˜2H
)
+4J5(
m2ν˜L
m˜2H
,
µ2
m˜2H
,
m2
W˜
m˜2H
,
m2
W˜
m˜2H
,
m2
W˜
m˜2H
)
+4J5(
m2ν˜L
m˜2H
,
µ2
m˜2H
,
m2
W˜
m˜2H
,
m2
W˜
m˜2H
,
µ2
m˜2H
)
)
(46)
≡ eg
2
2 tanβ
32π2
mf
m˜4H
µmW˜ f+
〈W˜ 0H˜0d〉 : − 2Dχ0f = −
eg22 tan β
192π2
mf
m˜4H
µm2
W˜
12I4(mW˜
m˜2H
,
µ2
m˜2H
,
m2
f˜L
m˜2H
,
m2
f˜L
m˜2H
)
−12J5(
m2
f˜L
m˜2H
,
µ2
m˜2H
,
m2
W˜
m˜2H
,
m2
f˜L
m˜2H
,
m2
f˜L
m˜2H
)
 (47)
≡ −eg
2
2 tan β
192π2
mf
m˜4H
µmW˜fW˜0L
〈B˜H˜d〉 : − 2Dχ0Lf =
eg21 tanβ
192π2
mf
m˜4H
µmB˜
12I4(m2B˜
m˜2H
,
µ2
m˜2H
,
m2
f˜L
m˜2H
,
mf˜L
m˜2H
)
−12J5(
m2
f˜L
m˜2H
,
µ2
m˜2H
,
m2
B˜
m˜2H
,
m2
f˜L
m˜2H
,
m2
f˜L
m˜2H
)
 (48)
≡ eg
2
1 tanβ
192π2
mf
m˜4H
µmB˜fB˜L
〈B˜H˜d〉 : − 2Dχ0Rf =
−2eg21 tanβ
192π2
mf
m˜4H
µmB˜
12I4(m2B˜
m˜2H
,
µ2
m˜2H
,
m2
f˜R
m˜2H
,
m2
f˜R
m˜2H
)
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−12J5(
m2
f˜R
m˜2H
,
µ2
m˜2H
,
m2
B˜
m˜2H
,
m2
f˜R
m˜2H
,
m2
f˜R
m˜2H
)
 (49)
≡ −2eg
2
1 tanβ
192π2
mf
m˜4H
µmB˜fB˜R
〈B˜B˜〉 : − 2Dχ0LRf =
2eg21 tan β
192π2
mf
m˜4H
µmB˜
6J5(m2B˜
m˜2H
,
m2
B˜
m˜2H
,
m2
f˜L
m˜2H
,
m2
f˜R
m˜2H
,
m2
f˜R
m˜2H
)
+6J5(
m2
B˜
m˜2H
,
m2
B˜
m˜2H
,
m2
f˜L
m˜2H
,
m2
f˜L
m˜2H
,
m2
f˜R
m˜2H
)
 (50)
≡ 2eg
2
1 tan β
192π2
mf
m˜4H
µmB˜h0 . (51)
In the text fB˜R is denoted by f0. The dependence of the loop functions
fi and h0 on the mass ratios has been left implicit. The three neutralino
diagrams of the first diagram in Fig. 1 are proportional to the same loop
function evaluated with different arguments, as is evident from the above ex-
pressions. Also note that the factors in the large parentheses or, equivalently,
the loop functions fi and h0, are normalized to unity for equal superpartner
masses. In particular, for equal superpartner masses J5(1, 1, 1, 1, 1) = 1/12
and I4(1, 1, 1, 1) = 1/6. Thus, for example, for such a spectrum the chargino
diagram is ∝ (32π2)−1. Note that a factor of m˜−4 has been factored out of the
loop integrals in order to render them dimensionless; this may be any internal
mass but for convenience it is chosen to the mass of the heaviest sparticle.
The arbitrariness of this factoring follows from the scaling relations
JN(x1, · · · , xN ) = x3−N1 JN(1,
x2
x1
, · · · , xN
x1
) (52)
IN(x1, · · · , xN) = x2−N1 IN(1,
x2
x1
, · · · , xN
x1
) . (53)
The contributions given above for the individual diagrams agree with those
found in [6]. There appears to be a difference in the expressions for the
chargino diagram and the first neutralino diagram of Fig. 2. This superficial
difference is however a result of a different choice of routing the loop mo-
menta. A numerical comparison between our results and those of [6] indicate
no difference.
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Analytic expressions may be obtained for the loop functions if only two
mass scales appear.
J5(x, 1, 1, 1, 1) =
1
6(x− 1)4
(
1− 6x+ 3x2 + 2x3 − 6x2 ln x
)
, (54)
x≪1−→ 1
6
(1 +O(x)) ,
J5(x, x, 1, 1, 1) =
1
2(x− 1)4
(
1 + 4x− 5x2 + 2x(2 + x) ln x
)
, (55)
x≪1−→ 1
2
(1 +O(x)) ,
J5(x, x, x, 1, 1) =
1
2(x− 1)4
(
−5 + 4x+ x2 − 2 lnx− 4x ln x
)
, (56)
x≪1−→ 1
2
(−5− 2 lnx+O(x)) ,
J5(x, x, x, x, 1) =
1
6(x− 1)4
(
x2 − 6x+ 3 + 2
x
+ 6 ln x
)
, (57)
x≪1−→ 1
6
(3 +
2
x
+ 6 lnx+O(x))) ,
I4(x, 1, 1, 1) =
1
2(x− 1)3
(
−1 + x2 − 2x ln x
)
, (58)
x≪1−→ 1
2
(1 +O(x)) ,
I4(x, x, 1, 1) =
1
2(x− 1)3 (2− 2x+ (1 + x) ln x) , (59)
x≪1−→ −1
2
(2 + ln x) .
Note that J5(x, x, x, 1, 1) = x
−2J5(x
−1, x−1, 1, 1, 1) and J5(x, x, x, x, 1) =
x−2J5(x
−1, 1, 1, 1, 1), which is an example of the more general relation in
(52).
The loop functions appearing in the radiative transition dipole moments
involve additional sflavor violating mass squared insertions beyond those of
the flavor conserving dipole moments. The function
f ′+,L =
m2ν˜L
f+
∂f+
∂m2ν˜L
=
∂ ln f+
∂ lnm2ν˜L
. (60)
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represents the sflavor insertion for the chargino–sneutrino diagram such that
f+f
′
+,L is the loop function. The loop functions for the sflavor insertions for
the three neutralino diagrams from the first neutralino diagram of Fig. 2 are
described by the same loop function but with different arguments. These
are represented by a subscript that indicates Bino or Wino coupling, and
right-handed or left-handed sleptons
f ′
B˜L(R),L(R)
=
m2
ℓ˜L(R)
fB˜L(R)
∂fB˜L(R)
∂m2
ℓ˜L(R)
=
∂ ln fB˜L(R)
∂ lnm2
ℓ˜L(R)
,
f ′
W˜0L,L
=
m2
ℓ˜L
fW˜0L
∂fW˜0L
∂m2
ℓ˜L
=
∂ ln fW˜0L
∂ lnm2
ℓ˜L
.
The sflavor violating mass squared insertions for the second neutralino dia-
gram of Fig. 2 are represented by
h′0,L(R) =
m2
ℓ˜L(R)
h0
∂h0
∂m2
ℓ˜L(R)
=
∂ ln h0
∂ lnm2
ℓ˜L(R)
,
h′′0,LR =
m2
ℓ˜L
m2
ℓ˜R
h0
∂2 h0
∂m2
ℓ˜L
∂m2
ℓ˜R
=
1
h0
∂2 h0
∂ lnm2
ℓ˜L
ln ∂m2
ℓ˜R
such that h0h
′
0,L(R) and h0h
′′
0,LR are the loop functions.
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